Recent demonstration that multiple Bacillus strains grow in batch bioreactors containing 25 supercritical (sc) CO 2 (i.e. >73 atm, >31˚C) is surprising given the recognized roles of scCO 2 as 26 a sterilant and solvent. Growth under scCO 2 is of interest for biotechnological applications and 27 for microbially-enhanced geologic carbon sequestration. We hypothesize that Bacillus spp. may 28 alter cell wall and membrane composition in response to scCO 2 -associated stresses. In this study, 29 protein expression and membrane lipids of B. subterraneus MITOT1 were profiled in cultures 30 grown under headspaces of 1 and 100 atm of CO 2 or N 2 . Growth under 100 atm CO 2 revealed 31 significantly decreased fatty acid branching and increased fatty acyl chain lengths relative to 1 32 atm cultures. Proteomes of MITOT1 grown under 1 and 100 atm pressures of CO 2 and N 2 were 33 similar (Spearman R>0.65), and principal component analysis revealed variation by treatment 34 with the first two principal components corresponding to headspace gas (CO 2 or N 2 ) and pressure 35
Introduction 44
Supercritical (sc) phase CO 2 is employed as an industrial solvent and sterilizing agent, 45 but the bactericidal properties of scCO 2 have been a limiting factor for development of two phase 46 systems for biological growth coupled to in situ extraction (1) and for harnessing microbial 47 processes during geologic carbon sequestration (GCS) (2). However, recent demonstration of 48 microbial growth under scCO 2 (3) opens new prospects in biotechnology and GCS applications 49 where scCO 2 is present, while challenging the efficacy of scCO 2 sterilization in food and medical 50 industries. 51
ScCO 2 exposure presents a complex set of stresses for cells due to a combination of 52 factors including cytoplasm acidification, increased dissolved CO 2 and CO 2 anion concentration, 53 cell membrane permeabilization, extraction of non-polar molecules into a scCO 2 phase, and 54 physical cell rupture (4-11). Previous studies examining responses of bacteria to scCO 2 exposure 55 have relied on short duration exposures (less than 1 hour) and revealed changes to lipid acyl 56 chains (11, 12) and to lipid head groups, with a reduction in phosphatidylglycerol lipids (11) and 57 increased production of leucine and isoleucine (13), suggesting these amino acids may be 58 involved in a short term scCO 2 stress response. In all cases, previous studies of bacterial 59 response to short term scCO 2 exposure lead to cell death, providing little time for cells to 60 acclimate before succumbing to lethal stresses associated with scCO 2 exposure. However these 61 studies do not represent profiles of cells capable of acclimation and growth under scCO 2 . 62 5 necessarily the combined stress of high pressure (>73 atm), low pH (<4), and high CO 2 89 concentration (>2.5 M)(3). Such studies suggest that mechanisms for acclimation to low pH 90 include upregulation of proton-pumping ATP transporters (25), transport/metabolism of amino 91 acids that buffer intracellular pH (26, 27), expression of amino acid decarboxylating enzymes 92 through consumption of intracellular protons (28), while various enzymes (e.g. urease and the 93 arginine deiminase system) can produce alkaline products from amino acids and other 94 compounds to buffer intracellular pH (29-32). Responses of cells acclimated to growth at 1 atm 95 to elevated pressures share similarities with a profile of general stress response, e.g. upregulation 96
of sigma factors and chaperone proteins, and reduced biomass and protein expression (33-36) 97
and may also include shifts in expression of various housekeeping functions such as 98 transcription, translation and metabolism (33, 34). In contrast, in barophilic organisms where 99 high pressures (e.g. 280-700 atm) are optimal growth conditions, exposure to pressure is 100 associated with upregulation of specific respiratory genes (37, 38), and down-regulation of 101 chaperone proteins (39). 102
To better understand how bacteria may acclimate to grow under scCO 2 hexane. 1 ml of a solvent mixture containing methanol: DCM: phosphate buffered saline (PBS) 168 (10:5:4) was added to the 1.5 ml centrifuge tube containing frozen biomass and the pellet was 169 resuspended and transferred to a 50 ml glass centrifuge tube. The original 1.5 ml centrifuge tube 170 was washed twice more with this solvent mixture to collect all cells, and a total of approximately 171 7 ml of solvent was added to the 50 ml glass tube. 1 µg of 3-Methylheneicosane was added as an 172 internal standard to each sample at the beginning of extractions. Cells in this solvent mixture 173 were vortexed for 5 minutes, followed by 15 minutes of sonication to further extract lipids and 174 then centrifuged for 10 minutes at 720 X g. Approximately 90% of the solvent mixture was 175 aspirated to a new glass vial without disturbing cells, and this extraction process was repeated 176 once with the same solvent mixture, twice with a solvent mixture containing methanol: DCM: 177 2.5 % trichloroacetic acid (10:5:4), and once with DCM: methanol (3:1), pooling all the 178 extractions in a separate vial. Phase separation was conducted by adding 5 ml of PBS and 5 ml of 179 DCM with gentle shaking, followed by removal of the lower (DCM) phase to a new vial. 5 ml of 180 9 DCM was added twice more to re-extract aqueous phase, and the pooled DCM phases were 181 evaporated in a Turbovap at 37 °C under a stream of 100% ultrapure N 2 . The concentrated 182 samples (of approximately 1 ml volume) were transferred to 4 ml vials and then dried down 183 completely. These were labeled as total lipid extracts (TLE) and stored at 4 °C. Intact polar 184 diacylglycerols were converted to FAMEs by methanolysis. Briefly, TLE's were resuspended in 185 200 µl of DCM: methanol (9:1), removing 140 µl to a 2 ml vial with insert, and then drying 186 down the 140 µl. Once dried, 100 µl of methanoic HCl was added, samples were capped and 187 heated at 60°C for greater than 1.5 hours. Samples Proteins were purified using optimized conditions for proteome analysis. Cell lysates 236 were added to Vivaspin columns (Sartorius) with a 3000 Da size cutoff to remove urea and 237 extraction buffer reagents. An additional 500 µl of water was added to each column to dilute the 238 sample and columns were spun for 10 min at 13,000 X g, room temperature. This was repeated, 239 with the flow-through discarded each time. The remaining proteins in the column were 240 resuspended and added to a new Eppendorf tube with four volumes of cold acetone (-20°C). 241
Proteins were precipitated by incubating tubes at -80°C for 30 minutes and then centrifuging at 242 16,000 X g for 10 minutes at 4°C. The supernatant was discarded and the protein pellet was 243 washed with 300 µl acetone and spun again, followed by air drying for 5 minutes to allow 244 residual acetone to evaporate. 245
One set of replicates (Batch 1), with 1 sample from each condition, was processed in the 246 manner described above, but with an additional initial step for precipitation of proteins with 247 acetone prior to application to the Vivaspin columns in order to remove urea and extraction 248 12 buffer reagents. This initial acetone precipitation step was associated with product loss during the 249 first batch of extractions, and was deemed unnecessary for processing a second batch of 250 proteomes with 2 samples from each conditions. Batch 1 samples are noted in figures and tables 251 and are included for qualitative or univariate comparison to other replicates. 252
253

Protein digestion and peptide fractionation 254
Proteins were re-suspended in a 15 µl of 8M urea (dissolved in 50 mM ammonium 255 bicarbonate) followed by adding 20 µl of 0.2% ProteaseMAX TM (Promega) surfactant, 50 µl of 256 ammonium bicarbonate, and 2.12 µl of 400 mM dithiothreitol (DTT) to reduce disulfide bonds. 257
Samples were incubated at 56°C for 30 minutes, and then alkylated by addition of 6 µl of 550 258 mM iodoacetamide, followed by incubation for 30 minutes at room temperature in the dark. Spectrum Mill with the following parameters: signal-to-noise was set at 25:1, a maximum charge 300 state of 7 is allowed (z = 7), and the program was directed to attempt to "find" a precursor charge 301 state. During peptide searching the following parameters were applied: peptides were searched 302 against the genome of B. subterraneus MITOT1(40), carbamidomethylation was added as a fixed 303 modification, and the digestion was set to trypsin. Additionally, a maximum of 2 missed 304 cleavages, a precursor mass tolerance +/-20 ppm, product mass tolerance +/-50 ppm, and 305 maximum ambiguous precursor charge = 3 were applied. Data were evaluated and protein 306 identifications were considered significant if the following confidence thresholds were met: 307 protein score > 13, individual peptide scores of at least 10, and Scored Peak Intensity (SPI) of at 308 least 70%. The SPI provides an indication of the percent of the total ion intensity that matches 309 the peptide's MS/MS spectrum. A reverse (random) database search was simultaneously 310 performed and manual inspection of spectra was used to validate the match of the spectrum to 311 the predicted peptide fragmentation pattern, hence increasing confidence in the identification. 312
Standards were run at the beginning of each day and at the end of a set of analyses for quality 
Growth of MITOT1 in bioreactors under different headspace and pressures 341
We observed growth in 5 of 6 bioreactors containing 1 atm CO 2 headspace, 3 of 3 342 bioreactors containing 1 atm N 2 headspace, 4 of 11 bioreactors containing 100 atm CO 2 , and 7 of 343 7 bioreactors containing 100 atm N 2 . Growth variability under high pressure CO 2 is consistent 344 with previous observations and has been discussed in detail elsewhere (Peet et al,(3) ). When 345 more than 3 replicates were available for analysis, samples with higher biomass were selected in 346 order to maximize material for protein and lipid analyses. All bioreactors with observed biomass 347
were within a factor of 5 of the maximum cell density observed in previous experiments carried 348 out under anaerobic conditions (i.e. 10 7 to 2x10 8 cells/ml) (3), consistent with these cultures 349 being in, or entering, stationary phase (Supplemental Table 5 ) (51-53). 368
Stationary phase cultures grown anaerobically under 1 atm and 100 atm of N 2 or CO 2 369 generally have a lower proportion of branched fatty acids (both iso and anteiso forms) relative to 370 aerobically grown cultures, with branched fatty acids composing 29% of total lipids under 100 371 atm CO 2 , 42% under 100 atm N 2 , 59% under 1 atm CO 2 , and 58% under 1 atm N 2 (Fig. 1) . The 372 branched fatty acid i16:0 varies significantly among the five headspace and pressure 373 combinations with greater abundance under aerobic conditions than all anaerobic conditions 374 (ANOVA p< 0.0003; F-ratio= 15.8, Tukey's post-hoc test alpha > 0.05) (Supplemental Fig. 4) . In 375 contrast, the straight fatty acid, n16:0 is more abundant under all anaerobic conditions, but this 376 difference only met significance between aerobic, ambient pressure and the two high pressure 377 conditions (ANOVA p< 0.02, F-ratio= 5.6, Tukey's post-hoc test alpha > 0.05). 378
Among the four anaerobic conditions, significant variation was observed for branched 379 fatty acid i15:0 with decreased abundance in 100 atm-incubated cultures relative to those 380 incubated at 1 atm (Two-factor ANOVA p= 0.04; F-ratio=5.6). Significantly more saturated, 381 straight fatty acids were present in scCO 2 grown biomass when compared to both 1 atm CO 2 and 382 1 atm ambient atmosphere grown samples (t-test p=0.04, p=0.02, respectively) (Fig. 1) . Fatty 383 acid n16:0 is also significantly elevated under 100 atm CO 2 relative to 1 atm CO 2 (t-test p= 384 0.01). However, between all anaerobically grown samples, most individual fatty acids do not 385 18 show significant differences with respect to headspace and/or pressure by ANOVA or pairwise t-386 test. 387
Cultures incubated under 100 atm CO 2 are associated with the longest average acyl chain 388 lengths (Fig. 2) with 98% coverage to a B. infantis NRRL B-14911 S-layer protein) and structural prediction 428 with Phyre2 (48) (42% of the protein predicted) (Supplemental Fig. 8 A) . Expression varied from 429 1.7 -24.2% of the proteome under CO 2 and from below detection to 3.6% of the proteome under 430 N 2 headspaces (Supplemental Fig. 8 B) . A second hypothetical protein with structural homology 431 20 to S-layer proteins (Fig_2635; 27% of the protein predicted) was observed, representing 0.13% -432 0.66% of the proteome (Supplemental Table 4 respect to either headspace or pressure (p<0.05). We focused on differences between gas 467 headspace to control for the potential effects of variability in culture age within stationary phase, 468 (i.e. pooling 1 atm and 100 atm samples from each headspace). The pathway for glycine, serine, 469 and threonine metabolism was enriched under CO 2 headspace, while no pathways were 470 significantly enriched under N 2 (Supplemental Table 2 ). Five of the proteins in the pathway for 471 glycine, serine, and threonine metabolism (Figure 4 ) comprise the glycine cleavage system, 472 which is involved in glycine and serine catabolism or synthesis. The protein most highly 473 correlated with CO 2 samples through PLS-DA is glycine dehydrogenase (decarboxylating) 474 enzyme, which is noteworthy as it can either produce or consume CO 2 depending on which 475 direction the reaction proceeds, and has been previously shown to be upregulated in acid stressed 476 22 E. coli (67). All 5 proteins involved in the glycine cleavage system were positively correlated 477 with CO 2 headspaces. 478 PLS-DA revealed that additional proteins involved in amino acid metabolism, including 479 deblocking aminopeptidase and arginase, were highly correlated with CO 2 grown cultures 480 (Supplemental Table 3 A). Deblocking aminopeptidase is potentially significant as it is involved 481 in amino acid metabolism and it is upregulated during heat and oxidative stress (68). Arginase is 482 notable as it is involved in the H. pylori acid stress response by producing urea from arginine 483 (32). Additional predicted proteins with expression that is highly correlated with CO 2 from PLS-484 DA include stress response and respiratory proteins (Supplemental Table 3 A) . 485
Predicted proteins with differential expression between N 2 and CO 2 (Kruskal-Wallis test, 486 p<0.05) include several that are involved in energy generation pathways (Supplemental Fig. 13 CO 2 (Kruskal-Wallis test, p<0.05) (Supplemental Fig. 13 A-D) . proteome profiling supports the hypothesis that resistance to CO 2 stress is similar to an acid 519 stress response, as the high concentration of CO 2 (associated with a supercritical headspace) 520 results in a significant pH reduction in the growth media (3). Analysis of lipids suggests a 521 reduced proportion of branched fatty acyl lipids and increased average acyl chain lengths under 522 24 scCO 2 in strain MITOT1 that may increase membrane rigidity. These observations are supported 523 by qualitatively similar trends observed in B. cereus MIT0214, notably longest average lipid 524 chain lengths under 100 atm CO 2 (Supplemental Fig. 5) (72) . These lipid changes observed in 525 cells grown under scCO 2 suggests that modulation of membranes to be less fluid may be an 526 important acclimation mechanism in response to the membrane permeabilizing effects of scCO 2 527 and is similar to changes observed in acid stressed (22) and solvent stressed bacteria (21). 528
While our data do not reveal significant differences in the abundance of predicted S-layer 529 proteins between N 2 and CO 2 , existing literature from Bacillus strains indicate that S-layers may 530 facilitate acclimation to acid and CO 2 stress (57, 58, 73, 74). S-layers also play a role in cell 531 adhesion, virulence, and membrane stability as they form a protein lattice on the cell surface (59, 532 75). Given the stresses that scCO 2 imposes (e.g. cytoplasm acidification and membrane 533 permeabilization), and the changes observed in membrane lipids, we hypothesize that universally 534 high S-layer production may predispose MITOT1 to survive and grow under diverse 535 environmental stresses, including those associated with scCO 2 . 536
Principal component and clustering analyses indicated that both headspace and pressure 537 help explain variability in the MITOT1 proteomes, with samples separating by headspace along 538 the first principal component and by pressure along the second principal component (Figure 3) . 539
Interestingly, the protein profiles of cells grown under scCO 2 appears to be intermediate between 540
low pressure CO 2 and high pressure N 2 , consistent with our hypothesis that acidity and pressure 541 may have some opposing effects. 542
The protein most highly correlated with the CO 2 headspace condition was glycine 543 dehydrogenase, a component of the glycine cleavage system, which has been demonstrated to be 544 upregulated in acid stressed E. coli (67). Enrichment of amino acid metabolism in CO 2 545 25 conditions, in particular five proteins mediating the glycine cleavage system, supports the 546 hypothesis that this system may play a role in CO 2 acclimation. Two other proteins enriched 547 under CO 2 conditions, arginase and deblocking aminopeptidase, have been previously shown to 548 be pH or stress-responsive. Arginase is associated with pH neutralization (32) and deblocking 549 aminopeptidase is upregulated during heat and oxidative stress (68). These amino acid metabolic 550 proteins represent future targets for understanding how MITOT1 responds to elevated CO 2 551 stress, as amino acid metabolizing pathways are involved in acid neutralization through 552 production of neutralizing compounds (27, 76) and consumption of protons (28) and provides candidate targets to improve the growth of non-biocompatible strains. Membrane 584 lipid modifications to create a more rigid membrane and activity of the glycine cleavage system 585 may help cells acclimate to scCO 2 . In addition, we hypothesize that introduction of cells as 586 spores to scCO 2 systems, followed by germination and growth of acclimated cells may help 587
Bacillus spp. tolerate the complex stresses associated with scCO 2 . New opportunities for 588 biotechnology development in biofuels, pharmaceuticals, and microbially-enhanced GCS will be 589 possible with microbes that are able to grow in an aqueous phase in contact with scCO 2 . For any 590 27 of these applications to be realized, the continued investigation and development of supercritical 591 headspace and pressure conditions. Significance described in the text is denoted with (*). Significantly more saturated, normal fatty acids were present in scCO 2 -grown cultures when compared to both 1 atm CO 2 and 1 atm ambient cultures (t-test p=0.04, p=0.02, respectively). Iso and anteiso branched fatty acids are summed to make up 'Total branched' fatty acids. Total branched and normal fatty acids are summed to make up saturated fatty acids. Saturated and unsaturated fatty acids sum to 1 for each sample. Annotated function
